Nath, A. R. and Capel, L. H. (1974) . Thorax, 29, [695] [696] [697] [698] . Inspiratory crackles and mechanical events of breathing. Forgacs (1967) has suggested that the timing of individual inspiratory crackles is determined by the elastic tension of the lung. This hypothesis was tested by recording the inspiratory crackles simultaneously with a recording of transpulmonary pressure, inspired volume, and inspiratory flow rate. The timing of an individual crackle was found to be closely associated with a particular transpulmonary pressure. Forgacs (1967 Forgacs ( , 1969 has suggested that inspiratory crackles coincide with the sudden opening of airways in deflated territories of the lung. He thought that the sequence and timing of each inspiratory crackle are determined by the elastic tension required to open individual airways.
As inspiration progresses radial traction on the airway wall increases. When a critical transmural pressure gradient is reached the airway abruptly opens, and rapid equalization of pressure between the upstream and downstream section of the airway follows. A crackle is generated during this brief period of pressure equalization when the gas is set in transient oscillation. If an individual crackle is generated by the opening of a single airway its timing should be linked to the elastic lung tension required to open the airway which in turn is related to lung volume and transpulmonary pressure.
This hypothesis was tested by recording inspiratory crackles simultaneously with the transpulmonary pressure and the inspired volume.
PATIENTS
Six patients who showed a repetitive pattern of inspiratory crackles were studied. All patients showed the clinical, radiological, and functional abnormalities of restrictive lung disorder. The clinical findings, spirometric data, and transfer factor measurements are shown in Table I .
METHODS
Inspiratory crackles were recorded using a crystal microphone mounted in an aluminium cup with a suction chamber which was attached to the posterior chest wall 5 cm above the costal margin. The output of the microphone was amplified and displayed on one channel of a UV recorder (SE Type 3006/DL). The sound amplifier incorporated a variable high pass filter with a cut-off at 600 Hz.
The inspiratory flow rate was simultaneously recorded at the mouth with a Fleisch pneumotachograph coupled to a differential pressure manometer (Mercury Electronics, Type M6) and the output displayed on a second channel of the recorder. The flow rate signal at zero was superimposed on the sound baseline. Thus the start and the finish of inspiration were indicated by the flow signal as it crossed the sound signal baseline (Fig. 1) . The inspired volume was recorded on the third channel by electrical integration of the flow signal.
The transpulmonary pressure change was measured from the beginning of each inspiration on the fourth channel with an oesophageal balloon sealed over a polyethylene catheter connected to a differential pressure transducer (Mercury Electronics, Type M6). The tip of the balloon was 45 cm from the mouth. The technique of measurement was as described by MilicEmili, Mead, Turner, and Glauser (1964) . The 90% response time of the catheter manometer system related to an instantaneous sound signal was 006 sec.
The recordings were made with the subject sitting upright performing slow vital capacity breaths. After a few breaths the subject was instructed to vary the depth of breathing from about the same end expiratory level.
Inspiratory crackles often show a repetitive pattern from cycle to cycle (Forgacs, 1967 (Forgacs, , 1969 . A particular recurring crackle might therefore be identified by its relative loudness and timing in relation to other crackles when these repeat from breath to breath (Figs 1 and 2). From the sound record it was usually possible to identify at least one crackle by its intensity and by its spacing in relation to others in five to 14 successive respiratory cycles. When an index crackle was so identified, the time interval from the start of inspiration to the index crackle, the inspired volume, and the instantaneous flow rate at the moment of the index crackle in consecutive breaths was measured. In four of the six patients the transpulmonary pressure change from the start of inspiration to the index crackle was also measured. In two patients (1 and 3) the whole experiment was repeated, making a total of eight experiments in the six patients. When two index crackles repeated from cycle to cycle, the volume separating the two index crackles and the total inspired volume were measured. The index crackles were always identified as described above before the measurements were made.
RESULTS
The results of one experiment in a patient with pulmonary asbestosis are illustrated in Fig. 3 as an example. The length of the horizontal lines in the columns from left to right represents the inspiratory time, the inspiratory flow rate, the inspired volume and the transpulmonary pressure. The short vertical line transecting the horizontal line represents the index crackle repeating through eight breaths. The inspired volume at the moment of index crackle is seen to remain within a narrow range (mean 660 ml; range 600-695 ml; SD 36 ml) although the total inspired volume varied from 630 to 1,290 ml. Similarly, the transpulmonary pressure at the moment of index crackle showed only small variations (mean 12 8 cmH2O; range 12-8-14 8 cmH2O; SD 0 7 cmH2O). In contrast, larger variations were seen in the time interval from the start of inspiration to the crackle (mean 0 99 sec; range 0 78-1-42 sec; SD 0-24 sec), and the instantaneous 290) between the two crackles was measured in 13 successive breaths. The total inspired volume in each of 13 breaths varied from 1,200 to 2,100 ml. The mean volume change from the first to the second crackle was 250 ml, and the variation round this mean was only 36 ml (1 SD). This variation is thus small when related to the total inspired volume. The corresponding mean volume change separating the two crackles in the second patient was 190 ml and the variation around the mean was 58 ml (1 SD) when the total inspired volume varied from 630 to 1,290 ml in 10 successive breaths.
DISCUSSION
Forgacs' brilliant analysis of the generation of lung sounds was the starting point of this study. He observed that inspiratory crackles frequently show a recurrent pattern in consecutive respiratory cycles and suggested that the repetitive sequence of sounds implies that each crackle is related to the recurrence of specific pressure and volume changes from breath. He suggested further that an individual crackle is generated by the explosive opening of a closed airway in a deflated region of the lung, and that the opening of the airway is determined by the elastic pull on its wall and hence by the magnitude of lung inflation. This hypothesis has been tested by simultaneous measurement of transpulmonary pressure and lung volume in four patients with repetitive inspiratory crackles. The transpulmonary pressure changes from the beginning of inspiration to the moment of a particular crackle have been found to vary little in inspirations of differing volumes.
It has been assumed that transpulmonary pressure reflects changes in lung recoil and that the flow-resistive component could be neglected. This is a reasonable approximation in a study of patients without airways obstruction in whom the transpulmonary pressure has been recorded at low inspiratory flow rates and in whom the variation of inspiratory flow rate from breath to breath in each experiment was small (Table IV) . The inspired volume at the moment of a particular crackle in eight experiments in six patients has also been found to remain within a narrow range from breath to breath in each case. This remained a feature even when the total inspired volume was varied in consecutive respiratory cycles (Fig. 3) .
When the occurrence of two index crackles was followed from breath to breath the change in lung volume from one crackle to another showed but small variation in relation to the total inspired volume.
These observations support Forgacs' hypothesis that an inspiratory crackle arises from the explo- 
